ABSTRACT: Graded levels of a trace mineral premix containing an organic (Bioplex) source of Cu, Fe, Mn, and Zn was evaluated with additional treatments containing organic Zn or Fe. Grower-finisher pigs were fed from 25 to 115 kg BW. The number of pigs in the experiment, the breeding/genetics of the pigs, the management, and the average age of the pigs were previously reported. The experiment was conducted as a randomized complete block design in 7 replicates. Treatments were 1) basal diet without supplemental Cu, Fe, Mn, and Zn; 2) basal diet + 2.5 mg/ kg Cu, 50 mg/kg Fe, 1.5 mg/kg Mn, and 40 mg/kg Zn (50% NRC); 3) basal diet + 5 mg/kg Cu, 100 mg/kg Fe, 3 mg/kg Mn, and 80 mg/kg Zn (100% NRC); 4) basal diet + 25 mg Zn/kg; 5) basal diet + 50 mg Zn/kg; and 6) basal diet + 50 mg Fe/kg. Selenium and I were added to all diets at 0.3 and 0.14 mg/kg, respectively. Diets were composed of corn-soybean meal, dicalcium phosphate, and limestone with phytase added to enhance mineral availability. Three pigs per pen were bled at 55, 80, and 115 kg BW and plasma was analyzed for microminerals. When the average replicate BW was 115 kg, 3 pigs per pen of an equal gender ratio were killed. The liver, kidney, and heart were removed and analyzed for microminerals. Liver, duodenum, and jejunal metallothionein and the antioxidant enzymes in the liver containing these microminerals were determined. The results demonstrated that plasma minerals were unaffected at the 3 BW intervals. Liver and duodenum metallothionein protein were greater (P < 0.05) as dietary micromineral levels increased but jejunum metallothionein did not change as microminerals increased. The activity of Cu/Zn superoxide dismutase (SOD) was not affected as the levels of the micromineral increased, whereas the activity of Mn SOD increased slightly (P < 0.05) to the 50% NRC treatment level. Liver Zn (relative and total) increased (P < 0.05) as dietary micromineral levels increased and also when Zn was added singly to the diet. Liver, kidney, and heart Cu and Mn concentrations were similar at the various micromineral levels. The activities of liver enzymes containing graded levels of Zn were not affected by dietary microminerals at 115 kg BW. These results indicate that the supplemental levels of Cu, Fe, and Mn were not necessary for grower-finisher pigs and that these innate microminerals in a corn-soybean meal diet were adequate, whereas a need for supplemental Zn was demonstrated.
INTRODUCTION
Previously, Gowanlock et al. (2013) evaluated a combination of dietary levels of Cu, Fe, Mn, and Zn and Zn and Fe independently added to corn-soybean meal diets for grower-finisher swine. Their results indicated that pigs fed diets without dietary microminerals had performance, blood hematology, and carcass characteristics similar to those fed diets at or below NRC (1998) requirements.
Diet analysis indicated that the innate microminerals in the corn-soybean diets containing dicalcium phosphate and limestone would theoretically meet the pig's need, except for Zn and Se. However, the bioavailability of the micromineral in such diets is unknown.
The bioavailability of the innate microminerals in grain mixtures generally has not been seriously considered when formulating swine diets. Digestibility trials are often used to measure bioavailability, but other physiological methods may be more sensitive. Whenever dietary microminerals exceed the pig's requirements, the body may limit their absorption, elevate or modify their blood concentrations, store them, or excrete them through the bile and/or urine. As dietary levels increase, some tissue minerals may increase possibly reflecting a greater need for the pig. The antioxidant enzymes containing these minerals may serve as a biological measurement tool. The bioavailability of a micromineral necessary for these functions is defined by O'Dell (1997, p. 643) as "the proportion of the element consumed that is utilized for a biochemical or physiologic function." Therefore, for minerals being evaluated, it is important to evaluate animal performance but also tissue storage and physiologic function.
This study continued to evaluate the effect of feeding graded levels of organic microminerals (Bioplex; Alltech, Inc., Nicholasville, KY) on resulting tissue mineral concentrations and the liver antioxidant enzymes containing these microminerals.
MATERIAL AND METHODS
The experimental use of animals and procedures were approved by The Ohio State University Animal Care and Use Committee (protocol number 2010AG0004).
Diets, Treatments, and Animals
A total of 222 pigs of an average initial BW of 24 kg were allotted by gender, weight, and litter to dietary treatments and fed to a final BW of approximately 115 kg. Pigs were the progeny of Yorkshire × Landrace sows (Temple Genetics, Gentryville, IN) and mated to a PIC boar line 280 (Birchwood Genetics, West Manchester, OH). Six pigs per pen were in 2 replicates and 5 pigs per pen were in 5 replicates, resulting in a total of 222 pigs. The same barrow to gilt ratio was maintained within replicate. Pens (1.52 by 4.22 m) comprised 50% solid concrete floors in the front and 50% slatted floors in the rear of the pen. Three pigs per pen randomly were bled via the vena cava and plasma was harvested for mineral analysis. At a replicate average of 115 kg, 2 pigs per pen were killed for the collection of tissue.
Corn-soybean meal diets containing dicalcium phosphate and limestone were fed to the grower-finisher swine in 3 phases from 25 to 115 kg BW. Because phytase is commonly added to many commercial swine diets and has been demonstrated to be effective in releasing P and some microminerals from feed grains, all diets contained phytase (1,000 phytase units/kg diet or phytase activity units as Ronozyme; DSM, Basel, Switzerland). Because of regional differences of Se and I, both elements were added at 0.30 or 0.14 mg/ kg diet, respectively. Diet compositions and their mineral analysis were presented earlier (Gowanlock et al., 2013) . All diets met the NRC (1998) requirements for all nutrients except for Cu, Fe, Mn, and Zn.
The 6 dietary treatments pens were arranged in a randomized complete block (RCB) design in 7 replicates. Blocks reflected time and location in the facility. Because it has been common in most studies to add each mineral independently and to evaluate their respective response, our experimental approach was to add the combination of Cu, Fe, Mn, and Zn in graded levels based on NRC (1998) listed requirements. This was done in an attempt to evaluate the balance and composite group of these microminerals on various measurements, to measure the responses using one balance, and to evaluate potential interactions on each mineral from this combination. In addition, because of the rapid growth rate and the possible greater need for lean tissue, additional dietary Fe and Zn were added and their additions were evaluated singly without the other microminerals. Dietary treatments were 1) basal diet (negative control), which was a corn-soybean meal diet with dicalcium phosphate and limestone but without supplemental Cu, Fe, Mn, and Zn; 2) basal diet + 2.5 mg/kg Cu, 50 mg/kg Fe, 1.5 mg/kg Mn, and 40 mg/kg Zn (50% NRC); 3) basal diet + 5 mg/kg Cu, 100 mg/kg Fe, 3 mg/kg Mn, and 80 mg/kg Zn (100% NRC); 4) basal diet + 25 mg Zn/kg; 5) basal diet + 50 mg Zn/kg; and 6) basal diet + 50 mg Fe/kg. The 100% NRC treatment was a micromineral premix to which additional treatments added 25 or 50 mg Zn or 50 mg Fe. The premix was a common premix but added in proportion to the treatment diets at the expense of corn starch. The supplemental dietary source of organic Cu, Fe, Mn, and Zn was provided as mineral proteinates (Bioplex; Alltech, Inc.) and the organic Se was provided as Sel-Plex (Alltech, Inc.) and I was added at 0.14 mg/kg diet. All diets fed during the last 3 wk of the trial contained ractopamine hydrochloride (Paylean; Elanco Animal Health, a division of Eli Lilly and Co., Greenfield, IN) at 10 mg/kg diet to achieve maximum lean growth and hence achieve the potential of a greater need for the microminerals.
Blood and Tissue Collection Procedures
At the average pen weight of 55, 80, and 115 kg BW, 3 randomly selected pigs per pen were bled via the vena cava using 10-mL vacuum tubes (Becton, Dickson and Co., Franklin Lakes, NJ) containing 158 United States Pharmacopeia units of sodium heparin. The blood was placed on ice and transported to the laboratory with plasma collected for mineral analysis.
At the end of the experiment, 3 pigs/pen were selected (n = 126) from the larger set of treatment pigs (Gowanlock et al., 2013) on the basis of gender and BW. These pigs were harvested at approximately 115 kg BW at The Ohio State Meat Laboratory (Columbus, OH). Animals, harvesting methods, and tissue collection procedures were previously reported (Gowanlock et al., 2013) . A sample of liver was removed and immediately frozen (-80°C) with the remaining liver, kidney, and heart removed, weighed, placed on ice, and frozen at -20°C for later processing and mineral analysis. A duodenal section was removed approximately 8 to 11 cm from the pylorus, and a jejunal section was removed approximately 2 m distal to the pylorus. After splitting the designated intestinal sections, the duodenum and jejunum mucosa were scraped using a glass microscope slide, with samples homogenized in 0.25 M sucrose buffer and a protein inhibitor cocktail (complete Mini, EDTA-free; Roche Diagnostics, Mannheim, Germany). The homogenates were quick frozen at -80°C and stored for later analysis.
Laboratory Analysis
The liver, kidney, and heart were diced by hand and a subsample of each was freeze dried (Labconco Corporation, Kansas City, MO), whereupon each was ground using a commercial blender (Waring Products, Torrington, CT). A subsample of each tissue and the plasma collected at each BW phase of the experiment were wet ashed in perchloric nitric acid and analyzed for essential microminerals using the inductively coupled plasma spectrometer (Prodigy; Leeman Labs Inc., Hudson, NH) technology. Selenium samples were analyzed after wet ashing with nitric and perchloric acids, and Se was measured by the fluorometric method (method 996.16; AOAC, 2000) . Appropriate standards of known mineral concentrations (Leeman Labs Inc.) for Cu, Fe, Mn, and Zn were used as standards and bovine liver (reference standard 1547) from the National Institute of Standards Technology was the Se standard.
Liver glutathione peroxidase (GSH-Px) activity was determined by the method of Paglia and Valentine (1967) with modifications by Lawrence et al. (1974) . The enzyme activities of Cu/Zn superoxide dismutase (SOD) and Mn SOD were determined from the inhibition curve for each sample when the amount of supernatant resulted in 50% inhibition of the autoxidation of pyrogallol (Marklund and Marklund, 1974; . Protein concentrations were determined by the Lowry method (Lowry et al., 1951) . The amount of total metallothionein (MT) was determined by the methods of Carlson et al. (1999) .
Statistical Analysis
Data were analyzed as a RCB as a 1-way ANOVA using the MIXED MODEL procedure of SAS (SAS Inst., Inc., Cary, NC). Individual pig tissues (1 per pen) or the average of the pigs in each pen were used for blood mineral analyses and the average pen hematology and average pen performance data served as the experimental unit for all measurements. The model was as follows:
in which y ijk was the continuous dependent variable, μ was the population mean, r i was the random effect of the ith block (replicate), T j was the fixed effect of jth dietary treatment, P k was the fixed effect of the kth phase, TP jk was the interaction of jth treatment and kth phase, and e ijk was the residual error.
For nonserial measurements (e.g., carcass characteristics, tissue data) the model was as follows:
in which y i was the continuous dependent variable, μ was the population mean, r i was the random effect of the ith replicate, T j was the fixed effect of the jth treatment, and e ij was the residual error.
The LSD contrast evaluated the graded micromineral treatment levels with the basal diet (0%) treatment included for each mineral source and interaction. The effect of adding only Fe or Zn individually was compared to the basal diet treatment group by LSD. Significance was established at P < 0.05. Least squares means for all data are presented in tabular form.
RESULTS AND DISCUSSION

Blood Plasma Microminerals
The concentration of circulating plasma microminerals reflects the balance between the microminerals absorbed, those being transported to or released from tissues, and those bound to circulating proteins. There is a known 3-way interaction between dietary Cu, Zn, and Fe that can alter these minerals in the plasma (Hill, 2013) . Our results demonstrated only small and nonsignificant differences in plasma mineral at each of the 3 BW (Table 1) .
Pigs fed the basal diet had circulating Cu similar to pigs fed the diet with 50 mg Fe/kg diet, indicating no interaction had altered circulating Cu in the blood. The interaction between Cu and Fe has been shown to occur in the gastrointestinal tract with ferrous Fe, whereas Zn, Cu, and Mn interact because all utilize the divalent metal transporter 1 (DMT1) to cross the brush border (Hill, 2013) . The addition of 25 mg Zn/kg diet resulted in plasma concentrations similar to pigs fed either the basal or Fe-supplemented diets at 55 kg BW. These changes, although minor, were not observed at 80 or 115 kg BW. The interaction between Fe, Cu, and Zn was not existent in this experiment. Even though in our experiment no minerals were added at dietary pharmacological concentrations, plasma Cu concentrations were not affected as previously reported by Hill (2013) . The other plasma microminerals appeared unaffected at each of the 3 growth phases. Dietary Se was similar in all diets and phases and the analyzed plasma Se was unaffected by the other dietary microminerals, indicating that there was no interference between these minerals and Se.
Tissue Metallothionein
Metallothionein is a protein that is important in assisting antioxidant defenses and influences the storage and transport of minerals such as Zn (Carlson et al., 1999) . It is important in Zn and Cu nutrition where MT preferentially binds Cu over Zn (Carlson et al., 1999) . Hence, this is one of the mechanisms between these minerals (Hill et al., 1983a) . In this experiment the amount of liver MT increased (P < 0.05) as dietary micromineral levels increased, indicating that minerals were bound in liver tissue. When Zn was added singly to the diet at 25 or 50 mg/kg, there was an increase in MT (P < 0.05) above that of pigs fed the basal diet, indicating that this mineral was likely being retained by MT. However, the hepatic MT decreased by the addition of 50 mg Fe/kg diet (P < 0.05) to an amount similar to that observed in pigs fed the basal diet. This indicates that additional Fe may have a negative effect on Zn retention. These results are similar to those observed by Carlson et al. (1999 Carlson et al. ( , 2007 and Martínez-Montemayor et al. (2008) .
Dietary Zn enters the enterocyte of the small intestine where MT is also produced, whereupon Zn ultimately enters the body for utilization. This MT can be used functionally by the enterocyte for storage or for transport (Gropper et al., 2009 ). The MT concentration in the duodenum, the site where the most active Zn absorption occurs, is greater than in the jejunum, where less Zn is absorbed (Gropper et al., 2009 ). In our experiment, the amount of duodenal MT increased (P < 0.05) as micromineral levels increased and was maximized at the 50% NRC level of Cu, Fe, Mn, and Zn and with the 25 mg/kg diet when only Zn was added. Adding twice as much Zn (50 mg/kg) did not further increase the MT protein concentration. This indicates that Zn storage in the MT protein was maximized at 50 mg/kg dietary concentrations. There was no increase in MT in the jejunum as dietary level of minerals increased or when Zn or Fe was added singly to the diet. These results confirm the stimulation response of MT by dietary Zn in the major area of Zn absorption (i.e., duodenum), reflecting the pig's increasing absorptive response to dietary Zn.
Hepatic Enzyme Antioxidant Activity
The extracellular and cytosolic SOD in hepatic cells need Cu and Zn to function whereas the SOD in the mitochondria requires Mn (Gropper et al., 2009 ). These SOD enzymes work in conjunction with one another and with a Se-requiring enzyme, GSH-Px, as part of the antioxidant system. Superoxide radicals destroy bacteria and viruses by SOD enzymes' production of hydrogen peroxide, another toxic reactive species. If hydrogen peroxide reacts with free Fe, hydroxyl radicals are formed. This is the most reactive and potent radical. Because the required microminerals are differentially distributed and localized according to the need of the body, it is expected that the microminerals required by antioxidant enzymes are present in the critical organs for preservation of health. However, it is not expected that these enzyme activities would exceed the need of the body.
At 115 kg BW (Table 2) , the activities of Cu/Zn SOD and GSH-Px were not affected by dietary micromineral source or micromineral levels, indicating that the amount stored in the body or the innate dietary levels provided were adequate to meet the metabolic prioritization for these enzymes. The Mn SOD activity was lower in the liver of pigs fed diets with no added microminerals and those fed 25 mg Zn/kg diet (P < 0.05). The Mn SOD activity was greater (P < 0.05) when the diet contained 50% of the NRC mineral level but there was no further increase when dietary minerals were increased or when 50 mg/kg of Zn or Fe were provided to the basal diet. Because Se was added to all diets at a constant level, the GSH-Px activity was not affected by the dietary micromineral treatments or by the increasing dietary level of the other microminerals, suggesting that no interaction occurred between these minerals.
Liver Weight and Mineral Concentrations
Total liver weight and its percent of BW, as presented in Table 3 , were not affected by the micromineral treatments. When 50 mg Zn/kg was singly added to the diet, total liver weight was greater (P < 0.05) but not when expressed as a percent of BW.
The relative concentration and the total content of microminerals in the liver are presented in Table 3 . The results indicated that only Zn concentration increased (P < 0.05) as dietary treatments increased (Table 3) . The concentration of Zn was lowest (P < 0.05) when the basal diet or 50 mg Fe/kg were fed, implying that Fe may have a negative effect on Zn retention. The hepatic Zn concentration of pigs fed 50 or 100% of the NRC requirementsor 50 mg Zn/kg were not different. These results indicate that the liver does not store addi- 2 Units/milligram protein is identified as follows: For the superoxide dismutase (SOD) enzymes, the value represents the amount of enzyme that inhibits 50% of enzyme activity with the activity then expressed on a milligrams protein basis. The glutathione peroxidase (GSH-Px) enzyme represents the micromole of GSH-Px oxidized per minute.
tional Cu, Fe, or Mn when consumed from these treatment diets and implies that the liver is responsible for the regulation of some body mineral content rather than storage. However, when excessive levels of Cu, Fe, or Zn were previously fed (Hill et al., 1983b; Carlson et al., 1999; Kim et al., 2001) , liver storage was increased and thus may interact with and decrease the concentration and function of other minerals, perhaps in an attempt to protect against or prevent toxic effects. Hepatic Zn and MT followed the same pattern in the liver, with pigs fed the basal diet or additional Fe having significantly less than those fed the other diets. The results of these biological functions in the liver indicate that dietary Zn in the basal diet may be inadequate in meeting the biological needs of the growerfinisher pig, especially if Fe is high in the diet.
Kidney Mineral Concentrations
The kidney is an excretory organ where excess minerals can accumulate until released in the urine. Kidney weight expressed on an absolute or on a per- (Table 4 ). The relative concentrations of Cu, Fe, Mn, and Zn and the total micromineral contents in the kidney were not affected across treatments. This indicates that this body tissue was able to excrete the minerals above those needed by the body and did not store them in the kidney.
Heart Mineral Concentration
The heart is one of the most active muscles in the body and thus may be subject to oxidative damage when the body is stressed. The heart is a vital organ and hence the body will attempt to prevent free radical accumulation and oxidative damage. We were interested in this tissue to evaluate if the microminerals would need to be retained more because they are associated with antioxidant enzymes. The weight of the heart and its percent of BW presented in Table 5 demonstrated that the treatments did not affect this important organ, which can be enlarged in a Cu deficiency. The relative concentrations of microminerals in the heart did not differ between treatments nor did the total content of Cu, Fe, Mn, and Zn differ. These results indicate that the heart was able to retain adequate microminerals at the lower dietary mineral levels provided. Concentrations of microminerals in the heart are in agreement with those of those Hill et al. (1983a) .
Conclusions
The research approach used in this experiment differs from other types of micromineral studies in that we used a combination of the essential minerals rather than adding each independently. Although we used the requirement list of the NRC (1998), we assumed that this balance of minerals was reasonably close to the needs of grower-finisher pigs.
The performance and carcass results from these pigs fed these treatment diets were previously reported by Gowanlock et al. (2013) and most of the responses were not significantly different among the dietary treatment groups; the lack of significant differences indicates that diets with dietary microminerals concentrations below the NRC (1998, 2012) requirements still satisfied the biological needs of growing-finishing pigs.
Overall, these results indicate that feeding cornsoybean meal diets with phytase did not have a negative effect on these biological measurements. The pigs in this experiment were, however, healthy and fast growing. It is possible that other factors (i.e., disease and environmental stresses) may increase the need for these minerals. It would seem that a supplemental level of 2.5 mg/kg Cu, 50 mg/kg Fe, and 1.5 mg/kg Mn (50% NRC) would be more than adequate to meet the needs of grower-finisher pigs. Additional Zn may be needed. The results also indicated that the combination ratio of minerals was perhaps superior to adding the minerals independently, because the pig's body sees these minerals simultaneously. 
